ABSTRACT: The physical, chemical and catalytic properties of simple oxides and aluminosilicates of different composition, together with modifications of the same obtained by treatment with various reagents, have been studied experimentally. It has been shown that the use of simple oxides as catalysts led to the extensive oxidation of ethane while the use of aluminosilicates allowed the generation of formaldehyde, acetaldehyde and alcohols such as methanol and ethanol.
INTRODUCTION
Aluminosilicates and phosphates belong to the system of compounds whose catalytic properties may be attributed to the strength of the surface oxygen bonds and whose acidic properties are related to a surface coating of hydroxy groups. This accords with the view of Kustov et al. (1992) who have analyzed similar surface structures by LeAO methods within a cluster model framework. According to these workers, the acidic behaviour of the surface may be related mainly to the variation in the properties of the 'bridge' O-H groups induced by changes in the Si/AI ratio of the overall solid while the acidic behaviour of the hydroxy group coating, which is important in adsorption processes, may be varied in the presence of proton acceptors.
Similar changes in the acidic properties of the surface have been observed on promotion of silica gel. aluminosilicates or oxides with various impurities. Thus, any system with a given surface acidity may be modelled in a similar fashion to the cluster structure of the 'bridge' O-H groups mentioned above. The incorporation of foreign atoms (for example, aluminium into silica gel or phosphate into a complex oxide) changes the energy of the proton in the system, thereby leading to its decoupling from the cluster and resulting in a change in the surface acidity. This implies that, irrespective of the bond type involved, hydrogen is always locked into the most active centres (oxygen) on the surface and any catalytic reaction then takes place on the less active centres. The involvement of such less active centres invariably leads to mild oxidation: the greater the extent of a bonded hydrogen coating on the surface. the greater is the selectivity towards partial oxidation products. This trend has been confirmed experimentally.
In general, the surface of a complex oxide catalyst contains coordinatively unsaturated centres. These centres interact readily with water molecules, which are thereby strongly protonated and transformed into active adsorption centres for various reactant molecules. This phenomenon has been demonstrated by infrared studies of such catalysts and from their involvement in the catalytic oxidation of ethane and ethylene.
EXPERIMENTAL
Silica gel, y-Alp) and aluminosilicates were studied as catalysts, their promotion being effected by treatment for I h with 2 N aqueous solutions of various acids. After this time, the solutions were decanted from the solid materials and the latter were dried in air and then heated for 5 h at 873 K.
Two types of compounds containing ions of different electronegativity (Gomonaj et at. 1980) were chosen for incorporation into various catalysts: Co)(P0 4 )2 with E f =-3.5 nN for the C02+ ion and BP0 4 with E =-30.0 nN for the B)+ ion. The aluminosilicates were prepared with various Alp) and Si0 2 contents.
The kinetic experiments were conducted in a fixed-bed flow reactor operated under a variety of conditions. The reactor consisted of a quartz tube (120 mm length, 17 mm i.d.) connected to a quartz tube (80 mm length, 8 mm i.d.) which allowed the products to be quickly removed from the heating zone. The various catalysts (15-20 g) in the form of chips 2-3 mm in length were packed between two thin layers of quartz wool, while a bed of quartz chips (50 mm in depth) was placed above the upper layer of quartz wool thereby allowing the reactant mixture to be preheated.
The reactants and products were analyzed by means of a Chrom-5 gas chromatograph employing both TCD and FlO methods. Analysis of CO 2 , CH 4, C 2H4, C 2H6 , HCOOH. CHp, CH)COOH, CH,CHO, CHpH. C,HpH. and C, and C 4 hydrocarbons was effected by the use of a column (2 m in length) filled with -Porapak-Q arid heated over the temperature range 313-448 K, while 02' N 2 and CO were analyzed by means of a column (2 m in length) filled with molecular sieve 13X and heated at 318 K. The carbon balance achieved was usually better than 5% which was within the limits of GC analysis. The condensate was obtained by cooling the gas flux from the reactor down to 285 K. the percentage of water generated being neglected.
RESULTS AND DISCUSSION
Aluminium oxide, y-A1 203 The results obtained showed that the use of simple oxide catalysts resulted mainly in the extensive oxidation of hydrocarbons. Nevertheless, the small amount of weak acid centres on the surface of SiO, and y-Al,O) facilitated the formation of partial oxidation products.
Since y-AI,O,' possesses no oxidation centres, this favours the oxidation of ethane to gaseous products, i.e.-C~H4 (up to 14 vol%), CO (4 vol%) and water. The condensate derived from the partial oxidation process contained mainly acids, ranging from formic to butanoic, together with a small amount of ethanol (see data listed in Table I ). Modification of the surface of y-AIP, with boric acid led to the generation of formaldehyde and acetaldehyde accompanied by a considerable reduction in the acid content of the condensate. Modification with orthophosphoric acid led to a much greater decrease in the acid content, which was reduced to a vanishingly small amount (-1.50/() while the ethanol content increased considerably to 77%. On treatment of y-Alp) with cobalt phosphate [Y-Alp) + CO/P0 4)2 J , the ethanol content in the condensate was reduced to 42% while the formaldehyde content increased up to 23%. . The presence of propionic and butanoic acids in the condensate produced by the use of untreated y-AI,O, as a catalyst suggests that aluminium in the catalyst structure favours polymerization of C,H, units leading to the formation of higher alkanes. The total absence of ethanol in the reaction products generated when y-Alp, samples modified with H,BO, were employed as catalysts and the high concentration of ethanol observed after similar modification with orthophosphoric acid and cobalt phosphate suggest that the P" cations with a high electronegativity (E, =-29.7 nN) in the promoter are responsible for ethanol formation. It should be noted that the addition of Hl0 4 to y-AIP, also resulted in the formation of formaldehyde which is a valuable product.
Modification of y-AIP, with boron phosphate led to the total disappearance of CO 2 from the reaction products whereas. in comparison to the addition of CO,(P0 4 )2' boron phosphate was less effective in slowing down the process of CO formation.
Silica gel, SiO z
The surface of silica gel is slightly different from that of y-AI,O) because, in this case, the acid centres are present in the form of hydroxy groups. Use of Si0 2 as acatalyst led to the conversion of ethane to ethene (up to 3.5 vol%), CO (up to 8.5 vol%) and to small amounts of formaldehyde and formic acid (see Table 2 ). Treatment of silica gel with boric acid resulted in the formation of large amounts of methanol (up to 78%) in the condensate and also favoured the formation of formaldehyde (up to 10%) to some extent. The effect of promoting the silica gel surface with orthophosphoric acid resulted in the formation of almost pure ethanol (up to 92.6%) while the concentrations of the other substances generated were vanishingly small.
Promotion of the silica gel surface with cobalt phosphate had a lesser effect on the generation of ethanol. In this case, although the formaldehyde concentration increased up to 20% while that of formic acid increased to 43%. the concentration of ethanol was only ca. one-half (47%) of that generated by the use of orthophosphoric acid as a promoter.
Comparison of the results of ethane conversion over the various catalysts studied suggests that those modified with boric acid (SiO, + H,BO, and y-AIP, + H,BO,) or orthophosphoric acid (Si0 2 + H,P0 4 and y-AIP, + HlO) lead to the generation of identical gaseous products, viz. the conversion of ethane into C,H 4 , CO and CO" with virtually identical product yields. However, modification appears to generate oxygen-containing carbon products of essentially different natures. Thus, for example, promotion of silica gel with boric acid favoured the formation of methanol in 78% yield, an increase in the content of formaldehyde in the condensate up to 10.3% together with an increase in the formic acid content relative to the situation with untreated Si0 2
• The partial oxidation of ethane into such products must be attributed to the location of hydroxy groups on the surface of silica gel. Treatment of the gel with boron phosphate led to the total disappearance of CO 2 from the reaction products but had a lesser effect in slowing down the conversion of ethane to CO relative to the situation observed with COiP04)2 as a promoter. This suggests that the rate of ethane conversion may be linked essentially to the nature of the cation incorporated in the simple oxide structure. 
Aluminosilica gels (AS G)
According to Germain's theory of heterogeneous acid catalysis (Germain 1969) , the formation of binary systems involving simple oxides, e.g. Alp, + Si0 2 , BPJ + Alp" PP5 + BPJ' etc., should enhance the acidic properties of the surface many-fold and thereby promote the catalytic effectiveness of the resulting mixed oxide. Indeed, it has been shown (Gomonaj et at. 1980 ) that the use of aluminosilicates as catalysts leads to the generation of high yields of formaldehyde in the oxidation of methane with a selectivity of 50%. It was also shown that the selectivity to formaldehyde in methane oxidation was linearly dependent on the acidity of the aluminosilicate surface. The industrial aluminosilicate ASG(i) with a surface acidity value of 14.4 umol/m? was used as the initial catalyst in the present studies. When this material was employed, the main gaseous products arising from the oxidation of ethane were ethene and CO, with the concentration of CO 2 generated being negligible. The content of the condensate obtained over untreated ASG 1i ) was as follows: up to 40% formaldehyde, ca. 8% ethanol and ca. 50% of acetic + propionic acids (see Table 3 ). This indicates, that as for the case of methane, the use of an aluminosilicate as a catal yst in n-alkane oxidation favours the formation of formaldehyde. A high surface acidity promotes the formation of acetaldehyde while a high aluminium oxide content (9 wt%) led to the polymerization of ethane which was accompanied by the formation of butanoic acid (up to 32%). Promotion of aluminosilica gel with boron phosphate gave different results from those observed with boric acid. In this case, the concentration of formaldehyde in the condensate decreased while those of ethanol and butanoic acid increased, i.e. the phosphorus in the phosphate anion acted as a promoter while the boron cation suppressed the conversion of ethane. In a similar manner to the situation with the simple oxides (Y-AIPJ' Si0 2 ) , promotion of ASG(i) with orthophosphoric acid led to the generation of ethanol being favoured (up to 89%) during oxidation, while all other processes were suppressed. In other words, the P" ion is the component of the promoter which directs the process of ethane oxidation towards the generation of ethanol. The specific action of cobalt phosphate as a promoter of aluminosilica gels is clearly demonstrated by comparison of its effect with that of orthophosphoric acid. From the data listed in Table 3 , it is obvious that the use of cobalt phosphate directs the process of ethane oxidation towards the generation of formaldehyde (up to 75%). It should also be noted that the existence of aluminium ions in the structure of ASGs has an effect on the polymerization of ethane, i.e. their presence leads to the formation of propionic acid (up to 12%) and butanoic acid (up to 13%), respectively.
If the effect of a mixture of cobalt phosphate and boron phosphate as a promoter is considered, however, the combined action of these phosphates is somewhat more complicated. Their behaviour when present as a coating on ASG appears to be similar to that of orthophosphoric acid, i.e. to favour the formation of ethanol. To test this point, we have produced a series of aluminosilicate gels which include cobalt phosphate, CO,(P0 4 )2' as a promoter. These samples differed in the amount of Co,(P0 4)2 deposited on the initial aluminosilica gel, ASG-1. The results obtained when these various samples were used as catalysts in the oxidation of ethane are listed in Table 4 .
With the initial untreated sample ASG-l, it was found that formaldehyde (up to 50%) and formic acid and acetic acid were the products formed preferentially. However, as the content of cobalt phosphate in the sample increased, a gradual decrease in the concentrations of these products in the condensate was observed. In contrast, under the same circumstances, a significant increase in the yield of ethanol was noted, as well as polymerization products (propionic and butanoic acids) when samples containing 10% and 20%, respectively, of cobalt phosphate were employed (ASG-4 and ASG-5). In addition. as the cobalt phosphate content increased, it was observed that the process of ethane conversion to ethene gradually replaced the process of CO formation. The yield of CO, also gradually decreased to negligible amounts. Since cobalt phosphate was the sole promoter employed in this series of experiments, it is possible to explain the observed changes in selectivity towards the formation of products arising from the mild oxidation of ethane to changes in the activity of the acidic centres on the catalyst surface.
Mixed oxides are more active catalysts than simple oxides. with the greatest increase in activity being observed for systems containing orthophosphoric acid which has a high electronegativity (E, = -29.7 nN). TIle increase in acidity of active centres on a surface treated with orthophosphoric acid arises from the excess ionic charges associated with Me-O and P-O bonds. as demonstrated by our experimental results. Thus, the catalytic activity was increased by the use of compounds containing Pp, or Hl0 4 (H,P04-Si02' H,P04-A1PJ' Hl0 4-ASG) due to the formation of phosphate-type surface compounds which could be detected by IR spectroscopy (Gomonaj and Borko 1991) . This resulted in the surface concentration of acidic H, centres shifting from the +1.5 to -3 range to the -5.6 to -8.2 range. 
CONCLUSIONS
The nature of aluminosilica gel catalysts, i.e. the presence of aluminium oxide in their structure, together with their acidity plays an important role in the process of ethane oxidation as well as determining the nature of the conversion products obtained. Promotion of the catalysts with orthophosphoric acid leads to a slow down in dehydration and favours enhanced oxidation in the process of ethane conversion. The yield of useful oxygen-containing products is also increased. Our experiments have shown that the presence of the P" ions in such systems inhibits the oxidation of intermediate oxygen-containing products and favours the formation (together with increasing the yield and selectivity) of alcohols and aldehydes, depending on the nature of the surface being promoted.
Formate and carboxylate complexes are formed during the adsorption of hydrocarbons on the surface of catalysts capable of promoting enhanced oxidation (Gomonaj et al. 1998) . These complexes are desorbed to form CO, CO 2 and Hp. Aldehyde-like structures are formed on the surfaces of those catalysts capable of selective oxidation. Desorption of these structures leads to the formation of mild oxidation products, viz. aldehydes, acids and alcohols, with different structures. Whether selective or enhanced n-alkane oxidation occurs depends on the selectivity of the catalysts rather than on the oxidation and decomposition of any intermediate products.
Careful selection of the conditions for hydrocarbon oxidation allows the processes of oxidation and dehydration to be minimized and allows further access of intermediate products to catalytic oxidation. In addition, it should be noted that catalysts possessing strong Bronsted centres on their surfaces do not lead to the decomposition of aldehydes (CHP, CHFHO, etc.) at temperatures up to 900 K.
